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ABSTRACT Cholesterol has been reported to govern biomembrane permeability, elasticity, and the formation of lipid rafts.
There has been a controversy whether binary lipid-cholesterol membranes should better be described in terms of a phase
separation (liquid-ordered and liquid-disordered phases) or of gradual changes in largely homogeneous membranes. We present
a new approach for detecting and characterizing phase equilibria in colloidal dispersions using pressure perturbation calorimetry
(PPC). We apply this to the study of the thermal expansivity of mixtures of 1-palmitoyl-2-oleoyl sn-glycero-3-phosphatidylcholine
(POPC) and cholesterol as a function of composition and temperature. We show that cholesterol can condense lipids not only
laterally (with respect to interfacial area) but also in volume. A quantitative comparison with expansivity curves simulated
assuming either phase separation or randommixingwithin one phase reveals that the real system shows an intermediate behavior
due to submicroscopic demixing effects. However, both models yield consistent system parameters and are thus found to be
useful for describing the systems to a similar approximation. Accordingly, one cholesterol may condense 3 6 1 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylcholinemolecules by;(1.46 0.5) vol% at 2C; both absolute values decreasewith increasing
temperature.
INTRODUCTION
Cholesterol plays a key role in biological membrane function
including the regulation of membrane elasticity and perme-
ability and has been considered essential for the formation of
lipid rafts. These phenomena are of utmost biological, medi-
cal, and pharmaceutical interest. However, details of the inter-
actions of cholesterol with lipid membranes are still a matter
of controversy, despite enormous efforts dedicated to the is-
sue over several decades (to specify only a few reviews (1–4)).
It is widely accepted that cholesterol can induce a liquid
ordered (‘o) state in lipid membranes, which has intermediate
properties between a gel phase (ordered acyl chains) and a
liquid-disordered (‘d), ﬂuid phase (high lateral mobility, no
crystalline arrangement) (5,6). A macroscopic separation of
two liquid (‘o and ‘d) phases has been observed for ternary
mixtures of, e.g., 1,2-di-oleoyl-sn-glycero-3-phosphocholine
(DOPC), dipalmitoylphosphatidylcholine (DPPC), and cho-
lesterol, whereas binary lipid-cholesterol mixtures were found
to exhibit, at the most, submicroscopic domain formation
(7–9). There is, however, an ongoing debate whether also
binary mixtures are best described assuming ‘o  ‘d coex-
istence in a certain composition and temperature range (see,
e.g., (3,4,10)), and the literature is particularly controversial
for the 1-palmitoyl-2-oleoyl sn-glycero-3-phosphatidylcho-
line (POPC)-cholesterol system. Phase diagrams including
a liquid-liquid (‘o and ‘d) coexistence have been established
for DPPC and sphingomyelin mixed with cholesterol (11,12)
and ergosterol (13) and also for unsaturated lipids such as
PPetPC (6) and POPC (14,15). However, NMR studies on
POPC cholesterol did not provide unequivocal evidence for
an ‘o and ‘d two-phase range (7,10,16) and were interpreted
in terms of a single ‘d phase at all cholesterol contents up to
40C and temperatures.25C (7). The mechanical properties
of POPC-cholesterol membranes studied by micropipette aspi-
ration and vesicle ﬂuctuation analysis revealed no indication
of a phase separation as well (10). Results of molecular dy-
namics simulations of cholesterol-induced ordering and lateral
area compression of DPPC could also be well discussed in
terms of a continuous change in membrane properties (17).
When it comes to discuss whether lipid mixtures are best
described by a phase coexistence, one should recall that ther-
modynamic phases in the strict sense are macroscopically
separate, so that micro- or nanoscopic domains in membranes
can only approximately be treated as phases. Nanoscopic
domains show additional phenomena such as an entropy of
mixing with other domains, an edge energy related to the line
tension between the domains, a limited lifetime, and an ex-
change of molecules between domains. Hence, the question
whether a microheterogeneous system qualiﬁes approximately
as a phase coexistence or not cannot be answered on the basis
of the existence and size of domains alone. Therefore, we
pursued the strategy to characterize whether the macroscopic
system as a whole behaves like a two-phase or a one-phase
system. We selected POPC-cholesterol since this is particu-
larly ambiguous. We show that the thermal volume expansion
provides an excellent criterion for that purpose. We discuss
the data in terms of one- and two-phase models in parallel,
thus allowing for a direct comparison.
It should be noted that the results provide important new
insight also apart from the phase issue. So far, very little has
been known about cholesterol-induced changes in the
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(temperature-dependent) partial volume of phospholipids.
What has long been clear is that cholesterol may increase the
order of saturated acyl chains of neighboring lipids, which
results in their effective stretching, an increase in membrane
thickness, and a lateral condensation of membrane area (1,2).
The volume of the lipid has usually been assumed to be
virtually conserved upon this change in chain order andmem-
brane geometry since no excess volume of these mixtures
arising from cholesterol-induced lipid volume condensation
could be measured. This may be surprising taking into ac-
count the variety of precise methods to measure densities or
partial volumes of lipids (18–20). The problem is, however,
to distinguish between the intrinsic volume of cholesterol
and the excess volume that is due to cholesterol-induced
lipid ordering, since there is no pure cholesterol membrane
that could serve as a reference state. Melchior et al. (18)
interpreted their ﬁnding that the density of ﬂuid DPPC
membranes increases nonlinearly with increasing mol frac-
tion of cholesterol qualitatively in terms of a cholesterol-
induced membrane condensation but did not attempt to
quantify the excess volume. A current, high-precision study
by Nagle and co-workers (21) reveals a constant partial
volume of cholesterol in mixtures with POPC, which is
slightly smaller than that in DOPC but shows no sudden
changes (e.g., at X ¼ 0.2) as in DPPC. This result would be
consistent with a gradual condensation of POPC by choles-
terol since the intrinsic volume of cholesterol (which is not
straightforward to be deﬁned) should not depend on the
phospholipid, whereas the partial volume includes addition-
ally cholesterol-induced volume changes of the PC.
Another approach is to determine the volume change
accompanying lipid melting, which is reduced by cholesterol
from 2% for pure POPC to 1.7% (cholesterol mol fraction
X ¼ 0.05), 1.5% (0.1), and 1.0% (0.2), suggesting a more
densely packed ﬂuid phase and/or less dense gel phase in the
presence of cholesterol (22). However, cholesterol effects on
the gel and the ﬂuid phase cannot be distinguished this way.
Tauc et al. (14) showed that the ‘‘effective’’ phase bound-
aries in the cholesterol-POPC system are substantially
shifted in favor of the ‘o phase by high pressure, which
implies that the partial volume of the molecules in the ‘o state
is signiﬁcantly lower. For example at 25C, the coexistence
range was shifted from cholesterol mol fractions X from
;0.10–0.40 at 1 bar to ;0.03–0.24 at 600 bar. This X-shift
of the boundaries corresponds to a shift in the transition
temperature of the order of 12 K/kbar, which is comparable
to the pressure dependence of gel phase melting of unsatu-
rated lipids (23). A direct quantiﬁcation of the volume change
of the order-disorder transition at ambient pressure is, how-
ever, not straightforward and was not attempted by these
authors.
We use a novel method, pressure perturbation calorimetry
(PPC) (24), which measures not the volume per se but the
heat response of a sample to a small pressure perturbation.
This is directly related to the thermal volume expansion at
constant pressure. The advantage of measuring not a param-
eter representing packing (area, order, volume) but its deriv-
ative is that the latter exhibits a sudden jump at a phase
boundary, where the integral parameters show only a change
in slope. The results are compared with model curves derived
for a two-phase system and for cholesterol-induced conden-
sation of POPC in a randomly mixed, one-phase membrane.
The approach presented here helps resolving the apparent
inconsistencies between the models used in the literature and
may be important for deriving a more precise, more complex





was purchased from Avanti Polar Lipids (Alabaster, AL) and
cholesterol was from Fluka (Buchs, Switzerland). Mixtures
of POPC and cholesterol were prepared by dissolution of
appropriate amounts of the dry substances in chloroform/
methanol. Multilamellar vesicles were prepared by a stan-
dard method involving drying of the mixed lipids and
resuspension in pure water as described elsewhere (25).
Cholesterol concentrations .50 mol % were avoided; they
would require another preparation technique (26). PPC
experiments were performed at a constant POPC concentra-
tion of 15 mM including various amounts of cholesterol as
speciﬁed.
Pressure perturbation calorimetry
PPC measurements were carried out in a VP DSC calorim-
eter from MicroCal (Northampton, MA), equipped with a
PPC accessory from the same manufacturer. The sample cell
(0.5 mL) was ﬁlled with the lipid suspension and the ref-
erence cell with water. The technique is explained elsewhere
(24,27). Brieﬂy, the sample and reference cell are subject to
small pressure jumps of Dp; 5 bar and the system measures
the heat required to compensate that induced by the pressure
jump (thus keeping the temperature, T, constant). Blank
measurements with both cells ﬁlled with water are conducted
to correct for technical imperfections. The procedure is re-
peated automatically at many temperatures. Hence, the
technique measures the heat response of the lipid to a very
small pressure change at constant temperature, approximately
corresponding to the differential @Q/@pjT. This differential
heat is related to the isobaric, thermal volume expansion, @V/
@Tjp, which can be seen by inserting the equation for the heat
of a reversible process, dS¼ dQ/T, into the Maxwell relation
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The results can be expressed as the coefﬁcient of thermal
expansion, a ¼ @V/(V@T)jp, or as the change in partial molar
volume with temperature, V9 ¼ @V/@Tjp, at constant pressure.
A good estimate for the partial molar volume of the mixed
membrane, V, as a function of the mol fraction of cholesterol,
X, is obtained using V;XV0cho1ð1 XÞV0PC using partial
volumes of V0cho ; 325 mL/mol (17) and V
0
PC ; 760 mL/mol
(19). The small excess volume can be neglected.
THEORY
Composition-dependent expansivity in general
For curve ﬁtting, it is advantageous to use molar expansivities, V9 ¼ @V/@T
(given in mL/(mol K)) since contributions to V9 from different components
or moieties are additive. For obtaining an expression for V9 as a function the
mol fraction of cholesterol, X, we may write the partial molar volume of the
membrane, V, as a combination of the partial molar volumes of disordered
PC and cholesterol (VPCd and Vcho, respectively, which are assumed to mix
ideally) and a contribution from cholesterol-induced condensation of PC,
which is quantiﬁed by the volume change, DV ¼ VPCo  VPCd, and the
degree of ordering of PC, jPC ¼ [PCo]/[PC]:
V ¼ XVcho1 ð1 XÞ  ½VPCd1 jPCDV: (2)
Like the degree of a reaction, jPC changes from 0 for a fully disordered
to 1 for a fully ordered membrane. This model assumes implicitly that the
excess volume of cholesterol-induced ordering is largely a property of the
PC whereas cholesterol requires a similar intrinsic volume in an ordered or
disordered environment. Differentiation yields the model equation for V9:
V9 ¼ XV9cho1 ð1 XÞ½V9PCd1 j9PCDV1 jPCDV9: (3)
The different models of the mixed membrane to be compared here
provide different expressions for jPC and jPC9 ¼ djPC/dT as outlined in the
following.
Phase model
The phase model describes the system in terms of three phase ranges with
phase boundaries at Xd and Xo as illustrated by Fig. 1 (top). These are the
liquid-disordered (‘d) range at X, Xd, the ‘d1 ‘o coexistence range (Xd, X
, Xo, dotted area in Fig. 1), and the liquid-ordered (‘o) range (Xo , X).
In the ‘d range, no PC is ordered (jPC ¼ 0) and no PC becomes ordered
(jPC9 ¼ 0) so that Eq. 3 becomes:
V9 ¼ XV9cho1 ð1 XÞV9PCd: (4)
In the ‘o range, jPC ¼ 1 and j9PC ¼ 0 so that we obtain with V9PCo ¼
V9PCd 1 DV9:
V9 ¼ XV9cho1 ð1 XÞ½V9PCd1DV9: (5)
Note that both Eqs. 4 and 5 are linear in X as illustrated by the bold solid
lines in Fig. 1 (bottom). Note that the expansivity of cholesterol is assumed
to be largely independent of the phase state, Vcho ¼ Vcho,d ¼ Vcho,o. The
value of Vcho cannot directly be measured since cholesterol alone forms no
membranes; the limit for cholesterol mixing with the membrane is X ¼ 0.66
(26) (we are not aware of information regarding the temperature dependence
of this limit). The fact that Fig. 1 is based on V9PCd , V9PCo corresponds to
DV9 . 0 so that the more dense phase, ‘o, expands ‘‘faster’’ with increasing
T than ‘d and its partial molar volume ‘‘catches up’’ with that of ‘d. At a
critical point, the differences between the phases vanish and VPCo ¼ VPCd.
In the ‘d 1 ‘o coexistence range, we obtain (see Appendix):
V9 ¼ XV9cho1 ð1 XÞV9PCd1 jð1 XoÞDV9
1DV½ð11 jÞaX9d1 jða 1ÞX9o;
(6)
with the constant a:
a[ 1 Xo
Xo  Xd; (7)
and the derivatives X9d ¼ dXd/dT and X9o ¼ dXo/dT, which are just the inverse
slopes of the phase boundaries (see Fig. 1 and Appendix for derivation). The
ﬁrst three terms in Eq. 6 correspond to a straight line from point A to D in
Fig. 1 (bottom), i.e., a weighted sum of the expansivities of the ‘d and ‘o
phases. Additionally, there is the term in the rectangular bracket times DV,
which appears suddenly at the phase boundaries and corresponds to the
temperature-driven conversion of ‘o into the ‘d phase. At the onset of the
coexistence range, at Xd, the degree of ordered molecules is j ¼ 0 and the
step in V9 arising from the phase conversion term becomes V9(B)  V9(A)¼
DVaX9d. If DV . 0 (disordering causes expansion) and X9d . 0 (the slope of
the Xd boundary is positive), this step is positive (upward) as shown in Fig.
1 (bottom). Note that an increasing phase boundary Xd (i.e., 1/X9d. 0, X9d.
0, as shown in Fig. 1) means that increasing T shifts the system in the vicinity
of the boundary toward the ‘d state, i.e., ‘o ‘‘melts’’ to ‘d. Within the
coexistence range, j increases linearly with X (lever rule; see Appendix, Eq.
10, so that the phase conversion term follows a straight line. Approaching
the Xo boundary, j/ 1 and the phase conversion term becomes V9(C) 
V9(D) ¼ DV[2aX9d 1 (a  1)X9o], which is positive for DV . 0, a . 1, and
both phase boundaries increasing, X9d . 0 and X9o . 0.
With increasing temperature, the thermal phase conversion per se may
become stronger (if the slopes of the boundaries decrease) but DV becomes
weaker, ﬁnally vanishing at the critical point. If, however, the phase
boundaries become very steep (i.e., X9d/ 0, X9o/ 0), the phase conversion
term (and, thus, the steps in V9 at the boundaries) vanish also if the system
remains in the coexistence range (DV . 0). That means, vanishing steps in
V9 at the phase boundaries does not necessarily imply the proximity of the
critical temperature.
Random-neighbor model
This model is based on the idea that the molecules mix randomly in the
membrane and each cholesterol molecule can order up to n PC molecules in
its neighborhood. A second cholesterol that interacts with a previously
ordered PC has no further effect. That means the fraction of condensed PC
increases linearly with X at low X and shows a saturation when the
FIGURE 1 Schematic illustration of the phase model. (Top) Phase
diagram with liquid-disordered (‘d), liquid-ordered (‘o), and ‘d 1 ‘o
coexistence (dotted area) ranges in the space deﬁned by temperature T and
the mol fraction of cholesterol in the membrane, X. The solubility limit of
cholesterol in membranes is about X # 0.66 (26) (temperature dependence
unknown). (Bottom) The resulting schematic behavior of the expansivity, V9,
as a function of X. See text for details.
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cholesterol molecules start to interfere with each other. Edholm and Nagle
(17) have derived an elegant expression for the cholesterol-dependent area of
such a membrane, which is analogous to Eq. 2 with a probability of a PC to
be ordered, jPC:
jPC ¼ 1 enX: (8)
If the temperature changes at a given composition X, the amount of
ordered lipid changes as:
j9PC ¼ X  n9  enX; (9)
if n is temperature dependent so that n9 ¼ dn/dT does not vanish. The effect
on V9 is obtained by inserting Eqs. 8 and 9 into Eq. 3.
RESULTS
Fig. 2 A shows the ‘‘PPC curves’’, i.e., the temperature de-
pendencies of the coefﬁcient of thermal volume expansion,
a(T), for mixtures of POPC with different amounts of cho-
lesterol. All values are of the order of one per mille per
degree, or in other words, increasing the temperature by 10 K
expands the volume by;1%. The curve for pure POPC is in
good agreement with a ¼ 0.8 3 103K1 measured for
POPC with the neutral buoyancy method (20). However,
there are signiﬁcant systematic differences between choles-
terol-containing and pure PC membranes. Two characteristic
patterns are found (Fig. 2, A and B) depending on the cho-
lesterol content, X. Moderate addition of cholesterol (Fig.
2 A) leads to an enhanced expansion at low temperature,
which can be explained in terms of a cholesterol-condensed
state that is relaxed upon increasing temperature. At higher
temperatures, the curves approach that of pure PC. At inter-
mediate X (Fig. 2 B), the strong initial decrease of a(T)
vanishes and the maximum of a shifts to higher tempera-
tures, suggesting that the condensed state is stabilized by
higher cholesterol contents and requires higher temperature
to be relaxed. At X $ 0.4, there is virtually no structural
transition observed to proceed upon varying temperature.
The range of anomalously enhanced a is illustrated by Fig.
3. An enhanced thermal expansion at X ; 0.2–0.3 can also
be deduced for ﬂuid DPPC/cholesterol from the distance
between the lines in Fig. 3 of Melchior et al. (18). The axes of
the plot shown here are those of a phase diagram and the
range of enhanced a resembles, to some extent, the shape
and position of the coexistence range in published phase
diagrams. We should, however, emphasize that the range of
enhanced a is not necessarily identical with a phase range
(see section on phase model in Theory). To elucidate this
issue, we have plotted V9(X) for a series of selected temper-
atures (Fig. 4) and compared it with the phase model, Eqs. 4–6.
The solid lines in Fig. 4 were obtained from the phase
model by a global, visual optimization of Xd, Xo, DV, and
V9cho at all selected temperatures (see Fig. 1 for an illustration
of the effect of the parameters). V9PCd is identiﬁed with the
experimental value of V9 for pure PC (i.e., X ¼ 0). The
derivatives X9d, X9o, and DV9 are obtained from the change in
the input parameters from one panel (i.e., temperature) to
another. The values for Xd and Xo are visible as steps in
Fig. 4. The position of the phase boundaries at, e.g., 20C
FIGURE 2 The coefﬁcient of thermal expansion, a, as a function of
temperature, T, of POPC-cholesterol vesicles with cholesterol mol fractions,
X, as speciﬁed in the plots. Up to X; 0.2, a(2C) increases with X (A) but at
higher cholesterol contents, it decreases again (B).
FIGURE 3 The relative deviation of thermal expansion coefﬁcients, a, of
mixed membranes at given cholesterol content, X, and temperature, T, from
the values in the absence of cholesterol.
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(Xd; Xo ¼ 0.085; 0.375) agrees very well with the results of
Tauc et al. (14) (0.09; 0.34), which is between the ranges
discussed by Henriksen et al. (10) (0.05; 0.3) and measured
by de Almeida et al. (15) (0.11; 0.45). It should be noted that
different methods may, for example, differ in the minimum
size or lifetime of a domain to become detectable. Therefore,
they are likely to yield different ‘‘effective’’ phase bound-
aries in a system that shows no true phase separation but only
an approximate two-phase behavior.
The absolute values of DV decrease from 10 mL/mol
(;1.3 vol %) at 2C to 9 mL/mol at 10C and 5 mL/
mol (0.7 vol %) at 40C, estimated errors are 63 mL/mol.
The extrapolated expansivity of hypothetic cholesterol
membranes, V9cho, increases with T from ;0.1 mL/(mol K)
at 2C to ;0.4 mL/(mol K) at 40C.
The random-neighbor model yields the dashed curves in
Fig. 4 by choosing values for n, DV, and Vcho9 for each panel.
Again, the curves in the panels depend on each other and
have to be optimized globally since n9 and DV9 are obtained
from the variation of n and DV between the panels. The
parameters for the presented curves are, for example, n ¼ 3
at 2C, 2 at 10C, and 1 at 40C, DV ¼ 12 mL/mol at 2C,
9 mL/mol at 10C, and 6 mL/mol at 40C; V9cho ranged
from 0 at 2C to 0.3 mL/(mol K) at 40C.
DISCUSSION
Phase coexistence or gradual transition?
Inspection of Fig. 4 reveals that the behavior of the exper-
imental data is intermediate between the curves obtained by
the phase and the random-neighbor model. At very low
cholesterol concentration, the condensing effect is weaker
than suggested by the random-neighbor model. This implies
that the cholesterol molecules do not act fully independently
and a concerted action of more than one cholesterol molecule
can give rise to a stronger effect. Substantial deviations from
the phase model are observed in particular at high X where a
gradual decrease of V9 is found instead of the sudden drop
predicted for a phase boundary. On the other hand, the
decrease of V9 is still steeper than what can be understood in
terms of the random-neighbor model. It must be emphasized
that, although the model assumptions and ﬁts are different,
the parameters of the two models are consistent with each
other (see below). That means our direct, quantitative com-
parison of the two competing models does not imply one
model to be correct and the other to be wrong. Both models
are similarly good (or bad) approximations for the real be-
havior, which is intermediate between the extreme cases rep-
resented by the models.
The intermediate behavior found here is in accord with the
existence of nanoscopic domains or composition ﬂuctuations
that have some properties of a phase but show additional
effects that do not apply to true phases. Such nanoscopic
domains could be kinetically stabilized by energy barriers
between closely apposed ordered domains. These were
predicted to arise from the lipid splay and tilt required to
avoid the exposure of hydrophobic surface at the domain
boundaries (28). Other parameters affecting the merger of
small domains are the entropy of mixing, the line tension of
the boundaries, and the spontaneous curvature (28). Alter-
natively, the nanoscopic domains could be density ﬂuctua-
tions that appear in the vicinity of a critical point (4). This
would also account for enhanced thermal expansion and its
deviations from the behavior predicted for random mixing.
We emphasize that the signiﬁcant deviation between the
experimental data (V9(X,T)) and the behavior expected for a
true two-phase as well as a true one-phase system is not a
weakness but an advantage of this approach. Although it is
theoretically obvious that these models are not perfect, many
other observables have been discussed in the literature in terms
of one of these models without noticing an inconsistency
FIGURE 4 The thermal volume expansion, V9, as a function of the
cholesterol mol fraction in the membrane, X, at selected temperatures as
indicated in the plot. The curves correspond to the phase model (solid lines;
perpendicular at phase boundaries) and the random-neighbor model (dashed
lines). The corresponding parameters are discussed in the text.
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(see Introduction). These parameters are not applicable to
quantify the accuracy of the models. The PPC approach can,
in contrast, aid the development of a reﬁned model taking
into account the microheterogeneity of the system. For
POPC, this reﬁned model is, as expected, not that of con-
densed, stoichiometric complexes that were reported for
other lipids but not for POPC (29,30). Modeling the data on
the basis of V9 of complex formation (not shown) did, in
spite of one additional adjustable parameter, not yield a con-
siderably improved ﬁt.
Cholesterol-induced volume changes
So far, it has usually been assumed that the well-known
chain ordering and stretching effect of cholesterol on PC is
fully compensated by an area condensation so that the partial
volume of PC remains virtually unchanged, i.e., there would
be no excess volume in PC-cholesterol mixtures. Melchior
et al. (18) obtained evidence for a negative excess volume
but did not quantify it. Despite the limitations of the models
discussed above, both yield similar volume changes of
cholesterol-induced ordering of PC. At 2C, both models are
in line with a volume change of DV ¼ (116 4) mL/mol of
at maximum n ¼ 2.7 6 0.3 POPC molecules. Using a molar
volume of POPC of V0PC ¼ 760 mL/mol, this corresponds to
a relative change of the volume of POPC upon condensation
by ;1.4%. This value decreases to ;1% at 20C and to
;0.6% at 40C. We can convert these results into a change
in the partial volume of cholesterol (which refers to the
overall volume change of the membrane upon addition of
cholesterol without assigning this change to a certain mole-
cule). Accordingly, the partial volume of cholesterol condensing
n POPC molecules is reduced by ;9% at 2C, 4% at
20C, and1% at 40C. This result is in line with the ﬁnding
that the partial volume of cholesterol at 30C in mixtures
with POPC is by ;2% smaller than that with DOPC (21),
since DOPC is expected to show no or very little volume
condensation.
The extent of cholesterol-induced condensation of POPC,
up to;1.4 vol %, is much less than the corresponding area
and membrane thickness changes (e.g., of the order of 20%
(17)) so that it is indeed a reasonable approximation to ignore
DV upon calculating lipid area changes from changes in
order parameter proﬁles (NMR) or bilayer repeat distances or
thickness changes from area data (Langmuir trough). How-
ever, the value of 1.4 vol % is large when the volume or
packing density changes per se are concerned, since it is close
to -2.0 vol % accompanying the freezing of pure POPC into a
gel phase (22,31). The latter value can be considered the
maximum volume change that is conceivable upon lipid
packing changes.
It should be noted that the fact that the orientation of the
headgroup is only slightly changed by addition of cholesterol
(32) does not mean that it would not contribute to DV.
Changes in hydration (33) have a strong inﬂuence on the
partial volume of the membrane constituents; water mole-
cules bound to polar groups are known to exhibit a larger
density than bulk water since the latter establishes a space-
consuming network of hydrogen bonds (24,34).
The number of condensed lipid molecules
per cholesterol
The phase model suggests a phase boundary to the ‘o state
proceeding from Xo ; 0.3 at 2C to 0.35 between 10C and
20C and 0.4 at ;40C (Fig. 3). Because the position of the
phase boundary corresponds to the minimum cholesterol
content of the ‘o phase, we may conclude that one cholesterol
molecule may order ;2 POPC molecules at 2C and 1.5 at
40C. The ﬁts of the random-neighbor model shown in Fig. 3
suggest that a cholesterol can condense n ¼ 3 6 1 POPC
molecules at 2C, ;2 at 10C, and ;1 at 40C. Hence, the
parameters of the random-neighbor model agree within error
with those of the phase model, suggesting only a somewhat
steeper temperature dependence of n. Larger values of n ;
4–7.5 were published for DPPC using phase and random-
neighbor models (17,21), which is in line with many reports
indicating that the effect of cholesterol on saturated lipids is
stronger than that on unsaturated lipids.
For DV/VPCd ¼ 1.4% and n ¼ 3 PC molecules per
cholesterol, one obtains a lipid volume change of about4.2
vol % per cholesterol (in the low X range where the lipid is in
excess). This value applying speciﬁcally to liquid (‘d or ‘o)
membranes is close to 4.9 vol % per cholesterol derived
from the slope of the volume change of the gel-to-liquid
transition of POPC with increasing cholesterol content
(22). This implies that the effect of cholesterol on the lipid
volume in the gel phase is much smaller than that in the ﬂuid
phase.
CONCLUSIONS
1. Cholesterol-induced ordering of ﬂuid, unsaturated phos-
pholipid is accompanied by a volume condensation and
its thermal relaxation is revealed by anomalously en-
hanced thermal volume expansivity.
2. A quantitative consideration of the expansivity behavior
allows for a direct comparison with the predictions for
phase separation and random mixing. The real system
shows intermediate properties as suggested for nano-
scopic demixing or domain formation but the two models
yield consistent interaction parameters. That means both
models are similarly good approximations.
3. The relative volume change of ﬂuid unsaturated lipid
(POPC) induced by cholesterol at 2C amounts to
;(1.4 6 0.5)%, close to the condensation upon
freezing to a gel phase (2.0%). Each cholesterol mol-
ecule can condense n ¼ 3 6 1 POPC molecules. Both
jDVj and n decrease with increasing temperature but the
effect remains detectable up to ;70C.
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APPENDIX: DERIVATION OF EQ. 6
Let us assume that the lipid volume is smaller in the more densely packed
‘o state than in the ‘d state. Then, a positive contribution to the thermal
expansion will arise if increasing temperature leads to a ‘‘melting’’ of ‘o
domains to ‘d.
We have derived a quantitative model for the thermally induced con-
version from ‘o into ‘d and the subsequent, composition-dependent expan-
sivity, V9(X), at a given T in a system showing phase separation. In the
one-phase ranges, there is no phase conversion.
In the coexistence range (Xd , X , Xo), the internal composition of the
two phases is constant with cholesterol mol fractions of Xo and Xd in the
‘o and ‘d phase, respectively. What changes as a function of the total
cholesterol fraction, X, is only the proportion between the two phases. The
fraction of all molecules that is in the ‘o phase, j (note difference to jPCd), is
given by the lever rule (4,35):
j ¼ ½PCo1 ½choo½PC1 ½cho ¼
X  Xd
Xo  Xd: (10)
Because the local fraction of PC in the ‘o phase is 1  Xo, we obtain for the
fraction of PC in the ordered phase referred to the whole membrane:
½PCo
½PC1 ½cho ¼ jPCð1 XÞ ¼ jð1 XoÞ: (11)
Equation 3 relates V9 to jPC and j9PC. Differentiating Eq. 11 with respect to T
(and determining j9 from Eq. 10) at a given sample composition (X¼ const.,
X9 ¼ 0), one obtains:
ð1 XÞj9PC ¼ aX9d  jX9o1 ajðX9o  X9dÞ; (12)
with the constant a:
a[ 1 Xo
Xo  Xd: (13)
Insertion into Eq. 3 yields Eq. 6.
We are indebted to Halina Szadkowska for excellent technical assistance.
We thank S. Keller (FMP, Berlin, Germany) and K. Gawrisch (National
Institutes of Health, Rockville, MD) for important comments.
We gratefully acknowledge funding by the Swiss National Science Foun-
dation (grant No. 31-67216.01).
REFERENCES
1. Demel, R. A., and B. De Kruyff. 1976. The function of sterols in mem-
branes. Biochim. Biophys. Acta. 457:109–132.
2. Yeagle, P. L. 1985. Cholesterol and the cell membrane. Biochim.
Biophys. Acta. 822:267–287.
3. McMullen, T. P., R. N. Lewis, and R. N. McElhaney. 2004.
Cholesterol–phospholipid interactions, the liquid-ordered phase and
lipid rafts in model and biological membranes. Curr. Opin. Colloid
Interface Sci. 8:459–468.
4. Veatch, S. L., and S. L. Keller. 2005. Seeing spots: complex phase be-
havior in simple membranes. Biochim. Biophys. Acta. 1746:172–185.
5. Ipsen, J. H., O. G. Mouritsen, and M. J. Zuckermann. 1989. Theory of
thermal anomalies in the speciﬁc heat of lipid bilayers containing
cholesterol. Biophys. J. 56:661–667.
6. Zuckermann, M. J., J. H. Ipsen, L. Miao, O. G. Mouritsen, M. Nielsen,
J. Polson, J. Thewalt, I. Vattulainen, and H. Zhu. 2004. Modeling lipid-
sterol bilayers: applications to structural evolution, lateral diffusion,
and rafts. Methods Enzymol. 383:198–229.
7. Filippov, A., G. Ora¨dd, and G. Lindblom. 2003. The effect of choles-
terol on the lateral diffusion of phospholipids in oriented bilayers.
Biophys. J. 84:3079–3086.
8. Kahya, N., D. Scherfeld, K. Bacia, and P. Schwille. 2004. Lipid
domain formation and dynamics in giant unilamellar vesicles explored
by ﬂuorescence correlation spectroscopy. J. Struct. Biol. 147:77–89.
9. Veatch, S. L., I. V. Polozov, K. Gawrisch, and S. L. Keller. 2004.
Liquid domains in vesicles investigated by NMR and ﬂuorescence
microscopy. Biophys. J. 86:2910–2922.
10. Henriksen, J. R., A. C. Rowat, E. Brief, Y. W. Hsueh, J. L. Thewalt,
M. J. Zuckermann, and J. H. Ipsen. 2006. Universal behaviour of mem-
branes with sterols. Biophys. J. 90:1639–1649.
11. Vist, M. R., and J. H. Davis. 1990. Phase equilibria of cholesterol/
dipalmitoylphosphatidylcholine mixtures: 2H nuclear magnetic reso-
nance and differential scanning calorimetry. Biochemistry. 29:451–464.
12. Sankaram, M. B., and T. E. Thompson. 1991. Cholesterol-induced
ﬂuid-phase immiscibility in membranes. Proc. Natl. Acad. Sci. USA.
88:8686–8690.
13. Hsueh, Y. W., K. Gilbert, C. Trandum, M. Zuckermann, and J. Thewalt.
2005. The effect of ergosterol on dipalmitoylphosphatidylcholine bilayers:
a deuterium NMR and calorimetric study. Biophys. J. 88:1799–1808.
14. Tauc, P., C. R. Mateo, and J. C. Brochon. 1998. Pressure effects on the
lateral distribution of cholesterol in lipid bilayers: a time-resolved
spectroscopy study. Biophys. J. 74:1864–1870.
15. de Almeida, R. F., A. Fedorov, and M. Prieto. 2003. Sphingomyelin/
phosphatidylcholine/cholesterol phase diagram: boundaries and com-
position of lipid rafts. Biophys. J. 85:2406–2416.
16. Thewalt, J. L., and M. Bloom. 1992. Phosphatidylcholine: cholesterol
phase diagrams. Biophys. J. 63:1176–1181.
17. Edholm, O., and J. F. Nagle. 2005. Areas of molecules in membranes
consisting of mixtures. Biophys. J. 89:1827–1832.
18. Melchior, D. L., F. J. Scavitto, and J. M. Steim. 1980. Dilatometry of
dipalmitoyllecithin-cholesterol bilayers. Biochemistry. 19:4828–4834.
19. Nagle, J. F., and S. Tristram-Nagle. 2000. Structure of lipid bilayers.
Biochim. Biophys. Acta. 1469:159–195.
20. Koenig, B., and K. Gawrisch. 2005. Speciﬁc volumes of unsaturated
phosphatidylcholines in the liquid crystalline lamellar phase. Biochim.
Biophys. Acta. 1715:65–70.
21. Greenwood, A. I., S. Tristam-Nagle, and J. F. Nagle. 2006. Partial
molecular volumes of lipids and cholesterol. Chem. Phys. Lipids. In press.
22. Rappolt, M., M. F. Vidal, M. Kriechbaum, M. Steinhart, H. Amenitsch,
S. Bernstorff, and P. Laggner. 2003. Structural, dynamic and mechan-
ical properties of POPC at low cholesterol concentration studied in
pressure/temperature space. Eur. Biophys. J. 31:575–585.
23. Landwehr, A., and R. Winter. 1994. High-pressure differential thermal
analysis of lamellar to lamellar and lamellar to non-lamellar lipid phase
transitions. Ber. Bunsenges Phys. Chem. 98:214–218.
24. Lin, L. N., J. F. Brandts, J. M. Brandts, and V. Plotnikov. 2002.
Determination of the volumetric properties of proteins and other solutes
using pressure perturbation calorimetry. Anal. Biochem. 302:144–160.
25. Bangham, A. D., M. M. Standish, and J. C. Watkins. 1965. Diffusion
of univalent ions across the lamellae of swollen phospholipids. J. Mol.
Biol. 13:238–252.
26. Huang, J., J. T. Buboltz, and G. W. Feigenson. 1999. Maximum
solubility of cholesterol in phosphatidylcholine and phosphatidyleth-
anolamine bilayers. Biochim. Biophys. Acta. 1417:89–100.
27. Heerklotz, H. 2004. Microcalorimetry of lipid membranes. J. Phys.
Cond. Matter. 16:R441–R467.
28. Kuzmin, P. I., S. A. Akimov, Y. A. Chizmadzhev, J. Zimmerberg, and
F. S. Cohen. 2005. Line tension and interaction energies of membrane
rafts calculated from lipid splay and tilt. Biophys. J. 88:1120–1133.
606 Heerklotz and Tsamaloukas
Biophysical Journal 91(2) 600–607
29. Radhakrishnan, A., T. G. Anderson, and H. M. McConnell. 2000.
Condensed complexes, rafts, and the chemical activity of cholesterol in
membranes. Proc. Natl. Acad. Sci. USA. 97:12422–12427.
30. Radhakrishnan, A., and H. McConnell. 2005. Condensed complexes in
vesicles containing cholesterol and phospholipids. Proc. Natl. Acad.
Sci. USA. 102:12662–12666.
31. Ichimori, H., T. Hata, H. Matsuki, and S. Kaneshina. 1999. Effect of
unsaturated acyl chains on the thermotropic and barotropic phase trans-
itions of phospholipid bilayer membranes. Chem. Phys. Lipids. 100:
151–164.
32. Brown, M. F., and J. Seelig. 1978. Inﬂuence of cholesterol on the polar
region of phosphatidylcholine and phosphatidylethanolamine bilayers.
Biochemistry. 17:381–384.
33. Petrache, H. I., D. Harries, and V. A. Parsegian. 2004. Alteration of
lipid membrane rigidity by cholesterol and its metabolic precursors.
Macromol. Symp. 219:39–50.
34. Chalikian, T. V. 2003. Volumetric properties of proteins. Annu. Rev.
Biophys. Biomolec. Struct. 32:207–235.
35. Cevc, G., and D. Marsh. 1985. Phospholipid Bilayers. E. Bittar, editor.
John Wiley and Sons, New York.
Phases in Lipid-Cholesterol Membranes 607
Biophysical Journal 91(2) 600–607
